Hepatitis C virus (HCV) infection continues to be one of the major health challenges in the modern world. An estimated 185 million people are infected globally, which constitutes approximately 3% of the world's population[@b1]. Access to new HCV treatment remains limited, and in untreated individuals, HCV infection progresses to chronicity in 70--85% of new cases, putting those chronically infected patients at risk of developing severe liver disease, including fibrosis, cirrhosis, and hepatocellular carcinoma (HCC)[@b2][@b3]. The mechanisms by which these HCV-associated liver diseases develop are poorly understood, but evidence suggests that induction of programmed cell death (PCD) in the HCV-infected liver plays a role in this pathogenic process.

Apoptosis is a non-inflammatory form of PCD that can be induced by either extrinsic or intrinsic pathways. The extrinsic pathway is initiated by the interaction between a cell surface death receptor and its ligand. This interaction results in recruitment of caspase-8 to the cytoplasmic domain of the receptor, leading to their cleavage and activation (reviewed in ref. [@b4]). Once activated, caspase-8 cleaves and activates the executioner caspases (reviewed in ref. [@b5]). This signal can also be amplified by the caspase-8-dependent cleavage of the pro-apoptotic Bcl-2 family member Bid, which then translocates to the mitochondrial membrane to activate the intrinsic apoptotic pathway[@b6]. The intrinsic pathway can also be initiated by stimuli such as radiation, hypoxia, viral infections, or by the withdrawal of essential growth factors. These stimuli initiate a series of events that induce mitochondrial outer membrane permeabilization and cause release of cytochrome c (cyt c) and other apoptotic factors from the intermembranous space of the mitochondria into the cytosol (reviewed in refs [@b7] and [@b8]). Once in the cytosol, cyt c interacts with a protein known as apoptotic protease activating factor-1 (APAF-1), inducing its oligomerization to form a wheel-like structure of seven APAF-1 molecules known as the apoptosome. The apoptosome then binds and activates caspase-9, the initiator caspase for the intrinsic pathway, which in turn cleaves and activates the executioner caspases (reviewed in ref. [@b9]). Apoptotic cells display a number of characteristic features, including plasma membrane budding, apoptotic body formation and DNA fragmentation (reviewed in refs [@b5], [@b10] and [@b11]).

Pyroptosis is a caspase-1-mediated, pro-inflammatory form of PCD[@b12]. It is initiated by a group of cytosolic sensors that belong to the NLR or HIN-200 receptor families (reviewed in ref. [@b13]). Upon stimulation, these receptors self-oligomerize and recruit other proteins to form a multiprotein complex known as the inflammasome[@b14]. The inflammasomes then act as platforms for caspase-1 activation and maturation of the inflammatory cytokines IL-1β and IL-18[@b14][@b15]. Activation of caspase-1 results in pyroptosis, which lyses the cell and releases its contents into the extracellular environment. Pyroptosis also shares certain features with apoptosis, such as DNA fragmentation[@b16].

Induction of different forms of PCD by HCV infection is believed to be one of the factors that contributes to development of progressive liver disease. Apoptosis of hepatocytes and engulfment of apoptotic bodies by hepatic stellate cells and resident macrophages was found to activate hepatic stellate cells to release TGF-β, thereby hastening the process of fibrosis[@b17][@b18][@b19][@b20]. Furthermore, TGF-β induces a biological process known as epithelial-mesenchymal transition (EMT) in hepatocytes[@b21]. EMT participates in progression of many types of cancer, including hepatocellular carcinoma (HCC) (reviewed in ref. [@b22]). The pro-inflammatory nature of pyroptosis suggests that this form of cell death could contribute to the chronic inflammation and pathogenesis associated with HCV infection. The release of danger-associated molecular patterns (DAMPs) from lysed pyroptotic cells can recruit immune cells and further promote inflammation[@b23]. Activated inflammatory cells in the liver contributes to generation of a pro-carcinogenic environment though production of reactive oxygen species (ROS) and reactive nitrogen species, and the peroxidation of lipids[@b24]. Activation of the NF-κB pathway, which is a hallmark of inflammatory response, can be involved in fibrogenesis as well as in initiation and progression of HCC in the chronically infected liver (reviewed in ref. [@b25]). Several other reports described an association between the degree of liver inflammation and development of HCC[@b26][@b27][@b28]. In addition, inflammation and the release of ROS, inflammatory cytokines and chemokines by Kupffer cells are believed to activate hepatic stellate cells, thereby promoting liver fibrosis (reviewed in refs [@b29] and [@b30]).

In this study, we tested the effect of HCV infection on induction of PCD. We demonstrated that HCV infection induced two distinct forms of PCD, both apoptosis and pyroptosis. Furthermore, we found that these two forms of PCD were induced not only in infected cells, but also in uninfected cells, *i.e.*, bystander apoptosis/pyroptosis. We report here that bystander apoptosis, but not bystander pyroptosis, is cell-cell contact-dependent. These results contribute towards understanding the mechanisms underlying for the development of HCV-associated progressive liver disease.

Results
=======

Hepatitis C virus infection reduced cell viability and proliferation, and induced programmed cell death
-------------------------------------------------------------------------------------------------------

We first tested the effect of HCV infection on viability of the infected cell population *in vitro*. This was achieved by infecting Huh-7.5 cells with JFH1~T~ at different MOIs and assessing cell viability 3 days p.i. by MTT assay. Infection significantly reduced the total number of viable cells ([Fig. 1a](#f1){ref-type="fig"}). Higher MOIs caused greater reductions in viability. These lower levels of total cellular viability could result from either a reduction in the proliferation rate or increased cell death in the infected cell population. Previous reports have shown that HCV infection reduces proliferation rate[@b31][@b32][@b33][@b34]. To confirm this effect in our system, we compared the proliferation rate of uninfected versus infected cells using the CFSE dilution assay. The HCV-infected cell population had a significantly higher mean CFSE intensity on day 4 p.i. compared to the uninfected cell population ([Fig. 1b](#f1){ref-type="fig"}). In agreement with previously published reports, these results confirmed that HCV infection reduces cellular proliferation[@b31][@b32][@b33][@b34].

One possible mechanism that could explain the effects of HCV infection on cell viability is induction of programmed cell death. Apoptosis and pyroptosis are two types of PCD that are both dependent on activation of caspases. To test the possibility that the reduction in viability was caused by induction of one or both of these forms of PCD, we tested the effect of blocking the activation of caspases on the total viability of the HCV-infected Huh-7.5 cell population. Infected (MOIs of 1 and 2) or uninfected control cells were treated with the pan-caspase inhibitor Z-VAD-FMK. Inhibition of caspases by Z-VAD-FMK increased the total viability of the HCV-infected population of cells ([Fig. 1c](#f1){ref-type="fig"}). This result indicated that caspase-dependent PCD was induced and contributed to the reduction in viability observed in response to HCV infection. We also tested the effect of HCV infection on DNA fragmentation, a feature shared by both apoptosis and pyroptosis[@b16][@b35][@b36][@b37]. DNA fragmentation results in the formation of low molecular weight DNA fragments that can be extracted from fixed/permeabilized cells, leaving these cells with less DNA than a normal cell. Upon cell cycle analysis, cells undergoing apoptosis/pyroptosis can be detected as hypodiploid cells[@b38]. To test for DNA fragmentation, infected or uninfected cells were permeabilized and stained with propidium iodide (PI). Slightly higher levels of hypodiploid cells were detected in the infected cell population on day 3 p.i., and this difference reached statistical significance by day 4 ([Fig. 1d](#f1){ref-type="fig"}). These results confirm that HCV infection induces caspase-dependent, DNA-fragmenting programmed cell death in our infectious culture system.

HCV infection induces apoptosis
-------------------------------

To determine whether the caspase-dependent programmed cell death observed here in the context of HCV infection is due to apoptosis versus pyroptosis, we first performed apoptosis-specific analyses on virus-infected cells. One of the main characteristics differentiating apoptosis from pyroptosis is the type of caspase responsible for their induction. Regardless of the pathway that initiates apoptosis, caspase-3 and other executioner caspases are always activated in order to induce the final events that cause the demise of the cell (reviewed in ref. [@b5]). Pyroptosis, on the other hand, is a caspase-3-independent form of PCD that depends solely on the activation of caspase-1 (reviewed in ref. [@b39]). Caspase-3 activation in the infected cell population was tested by measuring the cleavage of caspase-3 and its substrate Poly (ADP-ribose) polymerase (PARP) by staining the cells with antibodies specific to the cleaved forms of caspase-3 and PARP. We found that HCV infection induced the activation of caspase-3 as significantly higher percentages of cleaved caspase-3- and cleaved PARP (cPARP)-positive cells were detected in the infected versus the uninfected cell population ([Fig. 2a,b](#f2){ref-type="fig"}).

To confirm the role of caspase-3 in the induction of PCD, we treated the infected cell population with a caspase-3-specific inhibitor and monitored the effect of this treatment on the proportion of hypodiploid cells within the target cell population. We found that blockade of caspase-3 caused a small, but significant reduction (\~25%) in the percentage of hypodipoid cells contained within the target cell population ([Fig. 2c](#f2){ref-type="fig"}). In agreement with previous studies, these results confirm that HCV infection induces apoptosis in infected cell populations, but the partial (\~25%) reduction in cell death resulting from inhibition of caspase-3 suggested that at least one other mechanism of cell death was at work within the target cell population[@b32][@b40][@b41][@b42][@b43]. We also observed features of apoptosis in the target cell population by electron microscopy as cell condensation and plasma membrane blebbing were clearly evident ([Fig. 2d](#f2){ref-type="fig"}; blue arrow). However, plasma membrane disruption and cellular debris were also observed, indicative of a lytic form of cell death ([Fig. 2d](#f2){ref-type="fig"}; red arrow). These observations, in combination with the relatively moderate effect of inhibiting caspase-3 on reducing the number of hypodiploid cells prompted us to question whether HCV infection also causes pyroptosis, which is known to cause DNA fragmentation, but with lysis of affected cells[@b16][@b44].

HCV infection induces pyroptosis
--------------------------------

We asked then whether HCV infection causes the induction of pyroptosis as a second form of PCD. One of the main morphological features of pyroptosis is loss of the integrity of the plasma membrane, which leads to cell lysis and the release of cellular contents to the surroundings[@b16][@b44]. Lactate dehydrogenase (LDH) is an enzyme that is normally sequestered inside the cell and is released extracellularly only in the event of cell lysis[@b45]. Measuring the activity of LDH in the medium of the cultured cells is a useful tool for detecting lytic cell death, including pyroptosis[@b45]. By measuring the activity of LDH in the medium of HCV-infected or uninfected Huh-7.5 cells, we found that HCV infection resulted in a significant increase of the LDH activity in the medium of infected Huh-7.5 cells ([Fig. 3a](#f3){ref-type="fig"}). It is notable that the LDH release assay is not specific for pyroptosis. Other forms of lytic cell death, such as necrosis and necroptosis, can also result in an increase in the levels of LDH[@b46]. Moreover, during the late stages of apoptosis, and in the absence of scavenger cells, apoptotic cells undergo secondary necrosis, which also releases the cellular contents, including LDH, to the exterior of the cell[@b47]. Despite the lack of specificity for detecting pyroptosis, LDH release is one of the predominant characteristics of cells undergoing pyroptosis, thereby supporting our theory that HCV infection induces pyroptosis. Interestingly, upon re-examination of EM images representing cells infected with HCV, lysed cells that may have died by pyroptosis can be observed ([Fig. 2d](#f2){ref-type="fig"}; red arrow).

By definition, pyroptosis is a caspase-1-dependent form of PCD, and this requirement distinguishes pyroptosis from apoptosis[@b12]. To test whether HCV infection could induce pyroptosis, we stained virus-infected cells with FAM-YVAD-FMK FLICA reagent, which specifically recognizes the active form of caspase-1. We found that HCV infection caused a significant increase in the proportion of active caspase-1-postive cells (\~45% compared to \~5%; [Fig. 3b](#f3){ref-type="fig"}). This high level of caspase-1 activation in combination with increased levels of LDH and the EM observations described above strongly suggest that HCV infection induces pyroptosis.

To further confirm the induction of pyroptosis by HCV infection, we tested whether this PCD could be specifically blocked by caspase-1 inhibition. This was done by treating the HCV-infected or control cells with the caspase-1-specific inhibitor Z-WEHD-FMK, and measuring the effect on the number of hypodiploid cells. Inhibiting caspase-1 rescued more than half of the cells undergoing HCV-induced PCD ([Fig. 3c](#f3){ref-type="fig"}), confirming that pyroptosis is induced in the HCV-infected cell population.

One of the major functions of the active form of caspase-1 is to induce the cleavage and maturation of IL-1β, a pro-inflammatory cytokine[@b48]. We tested this function by measuring the levels of IL-1β in the supernatant of the infected cells by ELISA. Surprisingly, we could not detect IL-1β in the supernatant of the infected cells (data not shown).

Caspase-1 can be activated by different types of inflammasomes depending on the nature of the stimuli that induce their activation. Viral RNA is known to induce the assembly and activation of NLRP3 inflammasomes[@b39]. This prompted us to ask whether HCV-induced pyroptosis is stimulated through NLRP3 inflammasome activation. To address this question we treated HCV-infected Huh-7.5 cells with a specific inhibitor for NLRP3 inflammasome activation and monitored the effect of this treatment on induction of cell death. The inhibitor we used was MCC950, which is a recently developed potent, selective, small molecule inhibitor for NLRP3[@b49]. As expected, we found that inhibiting NLRP3 resulted in a significant decrease in the number of hypodiploid cells ([Fig. 3d](#f3){ref-type="fig"}). This inhibition confirms the role of NLRP3 inflammasome activation in HCV-induced pyroptosis. Taken together, the demonstration of caspase-1 activation, release of LDH, and blockade of cell death by caspase-1 and NLRP3 inhibitors confirm by multiple methods that HCV infection can cause pyroptosis.

HCV infection induces bystander apoptosis and bystander pyroptosis
------------------------------------------------------------------

The results described above provide evidence that HCV infection induces apoptosis and pyroptosis in the infected cell population. However, the data presented does not distinguish whether this induction is occurring exclusively in the infected cells, or whether it is also taking place in the neighbouring uninfected cells, *i.e.*, "bystander apoptosis/pyroptosis". Bystander apoptosis has been observed in other viral infections and is believed to contribute to the pathogenesis of these infections. For example, bystander apoptosis was reported to be an important factor in the pathogenesis of cytomegalovirus retinitis[@b50][@b51]. It also plays a major role in the CD4+ T cell decline seen in HIV infection (reviewed in ref. [@b52]). Moreover, bystander apoptosis is induced by Ebola infection and causes massive lymphocyte death[@b53][@b54]. Bystander pyroptosis was also described previously in the context of HIV infection and is believed to play a major role in the depletion of the CD4+ T cells (reviewed in ref. [@b55]). To our knowledge, neither bystander apoptosis nor bystander pyroptosis have been reported in the context of HCV infection.

To investigate the induction of apoptosis and pyroptosis in bystander cells, we employed a strategy in which HCV-non-permissive cells were transfected with GFP and co-cultured with infected or control Huh-7.5 cells. In this system, cell death observed in GFP-positive cells indicates bystander cell death. The HCV-non-permissive cells used in these experiments were the S29 cell line, which is a sub-clone of Huh-7 cells that expressed extremely low levels of CD81, making them 1000-fold less permissive for HCV infection than Huh-7.5 cells[@b56]. As a control, bystander apoptosis was also investigated in 293 T cells in order to test whether any observed bystander apoptosis was specific for neighbouring hepatocyte-like cells versus other cell types. 293 T cells are a human embryonic kidney cell line that is not permissive to HCV infection due to the lack of claudin-1, which is another important receptor for HCV entry[@b57]. Very low susceptibility (1000-fold less than Huh-7.5) was reported in these cells and only when they ectopically express claudin-1[@b57]. We found that co-culturing S29 cells with infected Huh-7.5 resulted in significantly higher numbers of cleaved caspase-3-positive and cleaved PARP-positive cells within the S29 cell population ([Fig. 4a,b](#f4){ref-type="fig"}). Caspase-3 activity was also detected in 293 T cells co-cultured with infected Huh-7.5 cells ([Fig. 4a,b](#f4){ref-type="fig"}), although the degree of induction of bystander apoptosis observed in the 293 T cells was lower than that observed in the S29 cells. These results demonstrated that HCV infection caused the induction of apoptosis in bystander cells, and this effect was not specific to hepatocyte-like cells.

Next we investigated whether pyroptosis can be induced in bystander cells present in the HCV infected population. To do this, S29 cells were co-cultured with infected or uninfected Huh-7.5 cells as above, but the harvested cells were stained with FAM-YVAD-FMK FLICA to detect caspase-1 activity. By gating on GFP-positive cells, we found a significantly high percentage of active-caspase-1-positive cells in the S29 cell population that was co-cultured with infected Huh-7.5 cells, but not when they were co-cultured with uninfected Huh-7.5 cells ([Fig. 4c](#f4){ref-type="fig"}). This observation suggests that the induction of pyroptosis by HCV infection was not limited to the infected cells, but also could be induced in bystander cells. Based on these results, we conclude that HCV-induced pyroptosis and apoptosis occur in both the infected and the bystander cells.

Cell-cell contact is required for the induction of bystander apoptosis but not for bystander pyroptosis
-------------------------------------------------------------------------------------------------------

The PCD we observed above in the bystander cells could be induced by two possible mechanisms: a direct interaction between the infected cell and the uninfected bystander cell; or through the production of soluble mediators or exosomes released by the infected cell. To determine which of these mechanisms is responsible for HCV-induced bystander apoptosis/pyroptosis, we performed transwell assays. In these experiments, we prepared a co-culture of infected versus uninfected Huh-7.5 cells (lower chamber) with S29 cells (upper chamber) at the same ratio used in the previous section (5:1). Inserts with a pore diameter of 0.4 μm were chosen to allow the exchange of soluble material and exosomes, but prevent the movement of cells or even apoptotic bodies through them. Following a four day co-culture, the S29 cells were harvested and stained with an antibody specific for cleaved caspase-3 to detect apoptosis or FAM-YVAD-FMK FLICA to detect pyroptosis. Based on the very low levels of cleaved caspase-3-positive cells detected, the S29 cells did not undergo significant levels of apoptosis when co-cultured with infected or uninfected Huh-7.5 cells ([Fig. 5a](#f5){ref-type="fig"}). The lack of induction of apoptosis in the bystander cells, despite the potential for passage of soluble molecules, viruses and exosomes, shows that cell-cell contact is required for the induction of bystander apoptosis. However, a different scenario was observed when we tested the role of cell-cell contact in the induction of bystander pyroptosis. The S29 cells that were co-cultured with infected Huh-7.5 cells were found to have significantly higher percentages of active caspase-1-positive cells than their counterparts co-cultured with uninfected cells ([Fig. 5b](#f5){ref-type="fig"}). This result demonstrates that unlike HCV-induced bystander apoptosis, bystander pyroptosis caused by HCV infection is cell-cell contact-independent.

Discussion
==========

The gradual destruction of the liver that takes place in the context of HCV infection has been a matter of intense interest for many years. In this report, we investigated the possibility that HCV itself causes cytopathic effects in the absence of immune cells. We found that HCV infection indeed induced at least two forms of PCD, those being apoptosis and pyroptosis. We also demonstrated that both infected and neighboring uninfected (bystander) cells were induced to undergo each of these two forms of PCD. The bystander apoptosis we observed, but not the bystander pyroptosis, required direct contact between the infected and uninfected cells. A preliminary model reconciling these results proposes receptor-ligand-mediated apoptosis and soluble factor-mediated pyroptosis ([Fig. 6](#f6){ref-type="fig"}).

Our study employed a cell culture-adapted strain of HCV JFH-1 (JFH1~T~) and human hepatoma-derived Huh-7.5 and related S29 cells. This system is one of the few non-chimeric, highly replicating HCV culture systems that allows a dynamic range of measurement sufficient for studies such as we have performed here. However, cell culture systems such as ours inherently possess caveats and limitations. For example, unlike all other patient isolates of HCV, the JFH-1 strain can propagate autonomously in cell culture without adaptive mutations or modification of target cells. This fact has led many in the field to question whether this strain actually represents natural HCV infection in patients. Additionally, the Huh-7.5 cells used by us and many others are cancer cell-derived and are known to have altered innate immune mechanisms. Given these caveats, any findings such as ours that might have pathogenic implications may not be directly extrapolated to persistent HCV infection of liver and should be confirmed in animal and infected human liver studies.

In a broader sense, it is important to consider whether or not the results presented here have relevance to the disease situation. Given the above-mentioned caveats of HCVcc systems, we cannot say at this point that apoptosis or pyroptosis is actually taking place in infected livers. However, apoptosis has been detected in the human liver cells of SCID/ALB-uPa humanized mice[@b58]. In human studies, a correlation between apoptotic index and histological grading in liver sections, and activation of caspase-3 and -7, has been demonstrated in liver biopsies from chronically infected individuals[@b59][@b60]. Based on these studies, it is possible that our results regarding apoptosis are physiologically relevant, but it will be important to revisit this topic in light of our new findings, and more importantly, the topic of pyroptosis has never been addressed in the context of HCV-infected individuals. It would be interesting now to test whether other subtypes/genotypes of HCV cause pyroptosis and bystander cell death because JFH-1 was originally isolated from a patient with fulminant hepatitis[@b61]. If these forms of PCD are specific to JFH-1 infection, one might speculate that perhaps only highly pathogenic strains of HCV can induce cell death by these mechanisms.

Our results suggest that the induction of bystander apoptosis requires cell-cell contact between the infected and the affected uninfected cells. This mechanism of cell death could take place due to an interaction between death ligands expressed on the infected cell and death receptors present on the bystander cell. The upregulation of death ligands such as Fas-ligand and TRAIL by HCV infection has been reported previously and would make interesting candidates for subsequent studies aimed at identifying the mechanism of bystander apoptosis[@b41][@b62][@b63]. In this study we showed that activation of caspase-1 induced pyroptosis as blocking caspase-1 activity or the activation of NLRP3 inflammasomes significantly reduced cell death. Despite the clear activation of caspase-1 in infected and bystander cells, we could not detect IL-1β in the supernatant of these cells. Although surprising at first, this result is in agreement with previous reports where it was suggested that hepatocytes do not produce this pro-inflammatory cytokine as a regulatory mechanism to prevent liver toxicity in response to the continuous exposure to blood pathogens[@b64][@b65][@b66]. As with apoptosis, pyroptosis was not limited to infected cells, but also occurred in neighbouring uninfected cells. However, unlike bystander apoptosis, bystander pyroptosis did not require cell-cell contact. The mechanism of bystander pyroptosis induction is not clear, but lysed pyroptotic cells release a number of DAMPs including: High-mobility group box 1 (HMGB1), heat shock proteins, ATP, DNA and RNA[@b67]. Many of these DAMPs can induce inflammasome activation in affected cells. For example, extracellular ATP binds to purinergic receptor P2X7 (P2RX7), which opens ion channels leading to K^+^ efflux, resulting in inflammasome activation[@b67]. HMGB1 stimulates a signaling pathway through TLR4 and receptor for advanced glycation end products (RAGE) that activates NLRP3 inflammasomes and pyroptosis in hepatocytes[@b68]. Understanding the mechanism by which bystander pyroptosis is taking place in our system would be of significant interest, however, pyroptosis has not yet been demonstrated in HCV-infected individuals, but would certainly be interesting to study.

How HCV can induce two distinct forms of PCD simultaneously remains to be determined. It is possible that different viral components are independently detected by separate sensors, or that different steps of the viral life cycle induce distinct cellular responses ultimately resulting in the independent induction of each form of PCD. Alternatively, perhaps the HCV-induced apoptotic and pyroptotic pathways share a common origin that activates both of them. Interestingly, recent evidence suggests that in addition to their classical role in activating caspase-1 and inducing pyroptosis, NLRP3 inflammasomes can also activate caspase-8, which in turn induces apoptosis[@b69][@b70][@b71][@b72][@b73]. This could be the case in HCV infection whereby activation of the NLRP3 inflammasome activates caspase-8 and caspase-1 to induce both apoptosis and pyroptosis, respectively. It is also possible that both apoptosis and pyroptosis are induced by the same cellular response to HCV infection. For example, in genetically obese mice, induction of ER stress in hepatocytes was reported to activate NLRP3 and to induce both apoptosis and pyroptosis[@b74].

It is not clear at this point whether apoptosis or pyroptosis of infected versus bystander cells is induced by the same mechanisms. Presumably, certain responses, such as ER stress, occur solely in the infected cells, logically causing the infected cells to be more prone to apoptosis/pyroptosis than the bystander cells. Furthermore, the foci of infected cells typically observed in HCVcc-infected Huh-7.5 cells demonstrates that viral infection preferentially spreads to the closely neighbouring cells. This means that most infected cells are in close proximity to other infected cells and could therefore be easily affected by the same stimuli that induce the bystander apoptosis/pyroptosis. Therefore, infected cells would be under higher pressure to undergo apoptosis/pyroptosis than the bystander cells. In support of this idea, regarding both apoptosis and pyroptosis, we observed generally higher levels of cell death in the overall population of cells than when we gated on only the uninfected cells. However, many viruses have evolved strategies for inhibiting cell death in its host in order to allow for the establishment and maintenance of virus replication (reviewed in ref. [@b75]). HCV is no exception; most HCV proteins have been reported to possess anti-apoptotic effects[@b76][@b77]. We don't typically detect apoptosis in HCV-infected cells until day four post-infection. So it is possible that HCV somehow initially blocks apoptosis, and if so, this capability would confer a survival advantage to infected cells over bystander cells. However, if this were the case, we would expect to see bystander cell death earlier than day four. At this point we can only hypothesize that the balance between pro- and anti-apoptotic/pyroptotic stimuli determines the fate of the infected/bystander cells.

Induction of PCD in response to viral infection is a well-established mechanism for restricting viral infections. It is widely accepted that various immune cells can induce apoptosis in infected cells, but PCD might also be induced by intracellular innate immune responses. However, the induction of these PCD pathways can be circumvented by numerous inhibitory viral proteins (reviewed in ref. [@b75]). These opposing forces place the host cell into a continuous competition with the infecting virus over control of these cell death pathways. The results described here demonstrate that HCV infection of human hepatoma cells induces two distinct forms of PCD: apoptosis and pyroptosis. If similar events are taking place in the infected liver, the simultaneous induction of multiple forms of PCD in HCV-infected hepatocytes could be one of the strategies used by the host cell to overcome the inhibitory effect of the viral proteins. In this regard, HCV must overcome a higher barrier by inhibiting two different death pathways in order to maintain the survival of its host cell and maintain its replication. Nevertheless, it is clear that HCV is a highly evolved pathogen that is able to maintain control over these cell death pathways until it has completed its life cycle and released new viral progeny to infect *naïve* hepatocytes.

In summary, using a fully infectious HCV culture system, this study confirms the ability of HCV to induce apoptosis, but our results now extend the understanding of HCV pathogenesis with the novel demonstration that HCV can also induce pyroptosis in cultured hepatocyte-like cells, and that both of these forms of programmed cell take place in uninfected bystander cells in the presence of HCV-infected cells. Recently identified direct-acting antiviral agents have shown extremely high cure rates, but HCC can still develop even after the elimination of virus from an infected individual. We believe that understanding the exact mechanisms by which the virus stimulates these two forms of PCD in infected and bystander cells might provide us with targets for the development of novel treatments and eventually a comprehensive therapeutic regimen that can both eliminate virus and prevent progression of HCV-related liver disease in HCV-infected patients.

Materials and Methods
=====================

Cells
-----

Infection, transfection and co-culture experiments were performed in Huh-7.5 (gift from C. Rice, Rockerfeller University, USA)[@b78], S29 (gift from S. Emerson and R. Purcell, National Institutes of Health, USA)[@b56] and 293 T (Cedarlane Canada) cells at 37 °C in the presence of 5% CO~2~. All cells were cultured in complete medium (CM) consisting of Dulbecco's Modified Eagle Medium (DMEM) (Invitrogen) supplemented with 10% fetal calf serum (FCS) (Invitrogen) and 1% penicillin/streptomycin (Invitrogen).

Virus
-----

For this study, we used JFH1~T~, a tissue culture-adapted strain of JFH-1 containing three adaptive mutations within E2, p7 and NS2[@b56][@b79]. To generate virus stocks, 1 × 10^6^ Huh-7.5 cells were seeded in 10 cm culture dishes and cultured overnight. The following day, cells were transfected with *in vitro*-transcribed viral RNA representing cell culture-adapted JFH1~T~ using DMRIE-C reagent (Invitrogen) as per the manufacturer's protocol. Virus-containing medium from transfected cells was collected three days post-transfection and virus titre was determined using a limiting dilution focus-forming assay described below[@b80]. Titred virus-containing medium was inoculated onto virus-naive Huh-7.5 cells for 3 hr at a multiplicity of infection (MOI) of 0.5. Following inoculation, culture medium was replaced with fresh complete medium and cells were cultured for three days. Culture medium from infected cells was then passaged on naïve Huh-7.5 for an additional round of infection in order to eliminate residual input RNA. Culture fluids were then harvested and clarified through Millex-HV 45 μm filters (Millipore). Virus titre was determined by performing a 10-fold serial dilution of the virus stock followed by infection in 8-well chamber slides that had been seeded with 50,000 Huh-7.5 cells/well on the previous day. Three days post-infection (p.i.), slides were stained with anti-HCV core antibody (B2, Anogen), followed by goat anti-mouse Alex Fluor^®^ 488 (Invitrogen), and the number of foci in the highest positive dilution were counted. From this number the titre was expressed as focus forming units per millilitre (FFU/ml).

Immunostaining for indirect immunofluorescence
----------------------------------------------

Medium was aspirated from the wells of the 8-chamber slides and cells were washed by immersing the slide in 1X phosphate-buffered saline (pH = 7.4; PBS) for 2 minutes. The cells were then fixed and permeablized by immersing the slide in 100% acetone for 2 minutes. For HCV core staining, the slides were covered with mouse monoclonal anti-HCV core antibody (B2, Anogen) diluted 1:200 in 5% BSA in PBS for 20 minutes. Slides were washed in PBS for 5 minutes, then incubated for 20 minutes with the secondary antibody (goat anti-mouse Alexa Fluor^®^ 488; Invitrogen) diluted 1:100 in PBS. The slides were then washed and mounted with Vectashield Hard Set mounting medium containing DAPI (Vector Laboratories). The slides were examined at 10X and 20X magnifications on a Zeiss Axio Imager.M2 immunofluorescence microscope.

MTT assay
---------

In a 96-well plate, 5,000 Huh-7.5 cells were seeded in 100 μl of complete medium per well. The next day, cells were infected at different MOIs (1, 2, and 4) by aspirating the medium covering the cells and replacing it with 50 μl of the appropriate virus stock to give the desired MOI. After 4 hours of incubation, the virus inocula were aspirated and replaced with 100 μl of fresh medium. The plates were then incubated at 37 °C for 72 hours until the day of MTT assay. MTT (3-\[4,5-dimethylthiazol-2-yl\]-2,5 diphenyl tetrazolium bromide) was prepared at 5 mg/ml in PBS and diluted 1:10 in complete medium to generate the MTT working stock. Medium was removed from wells and replaced with 100 μl of MTT working stock, then incubated for 4 hours at 37 °C. Following incubation, liquid was removed from the wells carefully so as not to disturb the formazan crystals that had formed at the bottom of the wells. These crystals were then dissolved by adding 100 μl of DMSO to each well and lightly shaking the plate for 10 minutes. The optical density of the solution in the wells was then read on a plate reader at 540 nm.

CFSE assay
----------

Huh-7.5 cells were seeded in 10 cm dishes at 1 × 10^6^ cells/dish and infected on the next day at an MOI of 2 for 4 hours. Cells were then harvested and washed with complete medium, then incubated for 15 minutes in pre-warmed (37 °C) solution containing 10 μM Carboxyfluorescein diacetate succinimidyl ester (CFDA-SE) in PBS. The CFDA-SE solution was then removed and replaced by complete medium. Cells were then incubated for 30 minutes at 37 °C and harvested daily on days 0--5. Cells were examined daily by light microscopy to ensure that the cells were not confluent. At the specified time point, cells were harvested, fixed with 2% paraformaldehyde in PBS, and washed with PBS. Finally, the CFSE intensity in the cells was measured by flow cytometer in the FL1-H channel of a Becton Dickinson FACS Calibur.

Propidium iodide (PI) staining and cell cycle analysis
------------------------------------------------------

Huh-7.5 cells were seeded in 10 cm dishes at 1 × 10^6^ cells/dish and infected on the next day at an MOI of 1. The PI staining protocol used here was adapted with minor modifications from the standard method reported by Riccardi and Nicoletti[@b38]. Briefly, cells were harvested and fixed with 70% cold ethanol and then stored at −20 °C until all cells were ready to be stained. To prepare for PI staining, the cells were centrifuged at 400 × *g* for 5 minutes and supernatants discarded. Cells were washed and resuspended in 0.5 ml of PBS, 0.5 ml of DNA extraction buffer was added, and incubated for 5 minutes. Next, cells were pelleted as above, supernatants were removed, and the cells were resuspended in 1 ml of DNA staining solution and incubated for 30 minutes at room temperature. The DNA extraction buffer and the DNA staining solution were prepared as described in ref. [@b38]. PI intensity in the stained cells was measured using a Becton Dickinson FACS Calibur. Cellular debris and doublets were gated out during the analysis. Following that, hypodiploid cells with an intensity lower than that of the diploid cells (G1) were counted.

Immunostaining for flow cytometry
---------------------------------

Cleavage of PARP and caspase-3 were detected using primary antibodies specific for the cleaved forms of these proteins \[Cleaved PARP (Asp214) (D64E10) Rabbit mAb and Cleaved Caspase-3 (Asp175) (5A1E) Rabbit mAb\] using the staining protocol recommended by the manufacturer (Cell Signaling Technology). Briefly, infected or control cells were harvested, washed with 5 ml of PBS, then fixed by resuspending the cell pellet in 4% paraformaldehyde at 37 °C for 10 minutes. The tubes were then chilled on ice for 1 minute and permeabilized by resuspending the cell pellet in ice-cold 90% methanol for 30 minutes. Cells were then washed twice with the incubation buffer (1% FBS in PBS) and incubated for 1 hour at room temperature in the presence of the recommended dilution of primary antibody (1:800 for both). Next, the cells were washed with 3 ml of incubation buffer, then incubated for 30 minutes with Alex Fluor^®^ 647 anti-rabbit secondary antibody (Cell Signaling Technology) diluted at 1:400. Cells are then washed and resuspended in 0.5 ml of PBS, then analyzed by flow cytometry using the Becton Dickinson FACS Calibur.

Caspase and NLRP3 inhibitors
----------------------------

All caspase inhibitors were dissolved in DMSO according to the manufaturer's instructions (R&D Systems). The inhibitors used were Z-VAD-FMK (pan-caspase inhibitor), Z-IETD-FMK (caspase-8 inhibitor), Z-DEVD-FMK (caspase-3 inhibitor) and Z-WEHD-FMK (caspase-1 inhibitor). The NLRP3 inhibitor (MCC950; Cayman Chemical) was dissolved in DMSO to give a stock solution of 0.5 mg/ml. A working stock of 0.1 μM was prepared fresh in complete medium on the day of the experiment. To ensure efficient inhibition over the four day experiment, at 48 hours p.i., medium was removed and replaced with medium containing freshly prepared inhibitors.

Measurement of active caspase-1
-------------------------------

To measure the levels of active caspase-1, FAM-FLICA^TM^ Caspase-1 Assay Kits were used (ImmunoChemistry Technologies). Briefly, Huh-7.5 cells were seeded in 6-well plates (150,000 cells/well) and infected at an MOI of 1, or uninfected. Four days later, the cells were harvested by trypsinization and stained with FAM-YVAD-FMK according to the manufacturer's instructions. In co-culture experiments where GFP was included, the FLICA^®^ 660 Caspase-1 Assay Kit, which employs a far-red fluorescent caspase-1 inhibitor, was used.

LDH assay
---------

Huh-7.5 cells were seeded in 10 cm dishes at 1 × 10^6^ cells/dish and infected on the next day at an MOI of 1, or uninfected. Four days later, 1 ml of the culture medium was collected and clarified. LDH activity was measured using the Pierce^TM^ LDH Cytotoxicity Assay Kit (ThermoFisher Scientific) according to the manufacturer's instructions.

Co-culture assay
----------------

On the day before initiation of co-culture, 293 T or S29 cells (both non-permissive to HCV) were seeded in antibiotic-free medium at 2 × 10^5^ cells/well in a 24-well plate. In parallel, 10 cm dishes were prepared each containing 1 × 10^6^ Huh-7.5 cells (permissive). Next day, non-permissive cells were transfected with a GFP expression plasmid using Lipofectamine 2000 reagent (Invitrogen) and incubated for 4 hours. In parallel, permissive Huh-7.5 cells were infected with virus at an MOI of 1 and incubated for 3 hours. Immediately following transfection/infection, GFP-transfected non-permissive S29/293 T cells were trypsinized, washed thoroughly with complete medium, then combined with infected or uninfected Huh-7.5 cells at a ratio of 1:5 (S29/293 T:Huh-7.5). After four days of co-culture, cells were harvested and stained with cleaved PARP-specific antibody, cleaved caspase-3-specific antibody, or FAM-YVAD-FMK as described above.

To analyze contact-dependence of HCV-induced cell death, co-culture experiments were performed in 10 cm transwell plates containing inserts with a diameter of 7.5 cm and pore size of 0.4 μm (Corning). Huh-7.5 cells were seeded at 1 × 10^6^ cells/dish and 2 × 10^5^ S29 cells were placed in the insert. Huh-7.5 cells were infected at an MOI of 1 and then the S29-containing insert was placed in the dish. The cells were incubated for four days, then the S29 cells were harvested and stained with either cleaved caspase-3-specific antibody or FAM-YVAD-FMK as described above.

Guidelines and regulations
--------------------------

No human subjects or human tissue were used in this study, therefore no human consent was required. Cell lines were obtained commercially or from published sources and were used in accordance with all relevant guidelines and regulations. Experiments were performed under BSL2 conditions and were approved by the Memorial University Institutional Biosafety Committee (Biosafety Certificate \#M-112-0708).

Statistical analysis
--------------------

The data were expressed as the mean +/− the standard deviation (SD). Statistical significance was assessed using the paired Student's t-test. A *p* value of less than 0.05 was considered significant.
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![Cell viability and cell cycle analysis in the context of HCV infection.\
(**a**) Huh-7.5 cells were infected with JFH1~T~ at MOI of 1, 2 or 4. Three days p.i. the total viability of the cells was tested by MTT assay. This data is representative of three independent experiments. (**b**) Infected or uninfected Huh-7.5 cells were labelled with CFSE stain and CFSE intensity was measured 4 days p.i. The data is presented as the mean percentage of CFSE intensity compared to the maximum intensity measured immediately after infection. The data shown is the average from three independent experiments with error bars indicating SD. (**c**) Huh-7.5 cells were infected at MOIs of 1 or 2, then incubated for 4 days in a complete medium containing either 20 μM Z-VAD-FMK or an equivalent volume of DMSO. Cell viability was measured on day 4 p.i. by MTT assay. Data shown is representative of two independent experiments in which each sample was tested in triplicate. The data is presented as the percentage of the viability compared to the uninfected control. (**d**) Infected or uninfected Huh-7.5 cells were harvested 72 or 96 hrs post-infection. Huh-7.5 cells incubated for 48 hrs in complete media containing 50 ng/ml of actinomycin D were used as a positive control. Harvested cells were permeabilized and stained with PI, then cell cycle analysis was performed and the percentage of hypodiploid cells was determined. The data is presented as the mean percentage of the hypodiploid cells from four independent experiments +/−SD., *p* \< 0.05 indicated by an asterisk (Student's t-test).](srep37433-f1){#f1}

![Analysis of apoptosis in HCV-infected cells.\
Huh-7.5 cells were infected at MOI = 1 and harvested on day 4 post-infection. The harvested cells were stained for cleaved caspase-3 (**a**) or cleaved PARP (**b**). In (**c**) infected cells were cultured in medium containing 100 μM Z-DEVD-FMK or an equivalent volume of DMSO for 4 days, then harvested and stained with PI. Cell cycle analysis was used to determine the number of hypodiploid cells. Data presented in A, B & C are the mean of three independent experiments +/−SD. Data shown in C is the percentage of hypodiploid cells compared to the untreated control. *p* \< 0.05 indicated by an asterisk (Student's t-test). (**d**) EM images of control or infected Huh-7.5 cells showing apoptotic features such as plasma membrane blebbing indicated by the blue arrow. The red arrow indicates cellular debris from a cell that had undergone lysis.](srep37433-f2){#f2}

![Analysis of pyroptosis in the context of HCV infection.\
Huh-7.5 cells were infected at MOI = 1 or uninfected. (**a**) Culture fluids were collected four days p.i. and LDH activity was measured. Each bar represents the mean absorbance value from three independent experiments (each measured in triplicate) +/−SD. (**b**) On day 4 p.i., cells were harvested and stained with FAM-YVAD-FMK FLICA, then analysed by flow cytometry to detect cells containing active caspase-1. Six independent experiments were performed and each bar represents the mean percentage of active caspase-1-positive cells +/−SD. (**c**) Infected or uninfected Huh-7.5 cells were incubated in complete medium containing 100 μM Z-WEHD-FMK or an equivalent volume of DMSO. The cells were harvested on day 4 p.i. and stained with PI. Cell cycle analysis was used to determine the percentage of hypodiploid cells (Sub-G1) in each of the populations. Results shown represent two independent experiments. (**d**) Infected or uninfected Huh-7.5 cells were incubated in complete medium containing 0.1 μM MCC950. On day 4 p.i., cells were harvested and stained with PI. Cell cycle analysis was performed to determine the percentage of hypodiploid cells in each of the populations. The data is presented as the mean percentage of hypodiploid cells compared to the infected untreated control. Bars represent the mean of three independent experiments +/−SD. \*Indicates *p* \< 0.05 and \*\*indicates *p* \< 0.005 (Student's t-test).](srep37433-f3){#f3}

![Measurement of bystander apoptosis/pyroptosis.\
Huh-7.5 cell infected at MOI = 1 or uninfected were co-cultured with either S29 or 293 T cells at a ratio of 5:1. The S29 or 293 T cells were transfected with a GFP-expressing plasmid before the start of the co-culture. On day 4 p.i., cells were harvested and stained with antibodies specific for either cleaved caspase-3 (**a**) or cleaved PARP (**b**), or active caspase-1-specific FAM-YVAD-FMK FLICA (**c**), then analysed by flow cytometry. S29 cells or 293 T cells were identified in the analysis by gating on the GFP positive population. The results are shown as the percentage of cleaved caspase-3, cleaved PARP or active caspase-1-positive cells among the S29 or the 293 T cell populations. Mean +/−SD is shown from at least three independent experiments. \*Indicates *p* \< 0.05 and \*\*indicates *p* \< 0.005 (Student's t-test).](srep37433-f4){#f4}

![Analysis of contact dependence.\
Infected or uninfected Huh-7.5 cells were co-cultured with S29 cells in a transwell plate at a ratio of 5:1. Four days p.i., S29 cells were harvested and stained with either cleaved caspase-3 antibody (**a**) or FAM-YVAD-FMK FLICA for active caspase-1 (**b**). The results are represented as the mean percentage +/−SD of cleaved-caspase-3-positive, or active caspase-1-positive cells among the total S29 cells from three independent experiments. *n.s.:* Not significant*, p* \< 0.05 indicated by an asterisk (Student's t-test).](srep37433-f5){#f5}

![Proposed model for HCV-induced programmed cell death.\
Schematic representation of the proposed model for the induction of the multiple forms of PCD in response to HCV infection. HCV infection induces at least two forms of programmed cell death in the infected cells: apoptosis and pyroptosis. Apoptosis is also induced in the neighbouring uninfected cells (bystander apoptosis) in a cell-cell contact-dependent manner, presumably by an interaction between a death ligand expressed on the surface of infected cell and a death receptor expressed on the surface of the bystander cell. The induction of bystander pyroptosis is cell-cell contact independent and is mediated by an as yet undetermined soluble factor.](srep37433-f6){#f6}
